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Natural isolates of measles virus readily infect several lymphocyte cell lines. These viruses appear to use a receptor other
than CD46, the molecule to which most laboratory strains of virus bind. Methods used to identify and characterize this
lymphocyte receptor for measles virus are described in this study. A binding assay with a soluble form of measles virus H
protein demonstrated that B-cell lines, activated with Epstein–Barr virus, or T cells, transformed with human T-cell leukemia
virus, exhibit this receptor on their cell surfaces. On the other hand, resting lymphocytes, monocytes, or immature leukocytes
either failed to express or possessed reduced levels of this receptor. A cDNA library derived from B95-8 marmoset B-cell
lines was used to identify this receptor through expression cloning. This molecule was shown to be CDw150, which is also
known as the signaling lymphocytic activation molecule (SLAM). When the lymphocyte receptor was expressed in Chinese
hamster ovary (CHOP) or human embryonic kidney (293T) cells, these cells became susceptible to lymphotropic as well as
laboratory strains of measles virus. Binding assays confirmed that either lymphotropic or laboratory strains of measles virus
could adhere to human or marmoset CDw150, but interaction with the mouse homolog was weak. These infections were
independent of the presence of CD46 on the host cell surface. Interaction of measles virus with CDw150(SLAM) could explain
the immunosuppressive properties of this virus. © 2001 Academic Press
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c
iIntroduction. Measles virus is the major virus killer of
children in the developing countries of Africa and South
America. It is currently estimated that about 44 million
children are infected each year and that about 1.1 million
of these individuals succumb to the disease or to sec-
ondary infections (3, 32). Although measles has been
argeted for eradication by the World Health Organiza-
ion, the immunosuppressive properties of the virus have
omplicated the development of high-titer vaccines that
re required to overcome the presence of maternal an-
ibodies in infants (1, 25, 32). Inhibitory effects of measles
irus on the immune system have been documented for
ecades, but a clear mechanism for the phenomenon
as eluded investigators (6, 11, 30, 33).
Several laboratories have reported that viral infections
hift the immune cytokine profile from one that favors
Portions of this work were presented at the Negative Strand Virus
Workshop (June 1998; Evanston, IL) and the 11th International Confer-
ence on Negative Strand Viruses (June 2000; Quebec City, Canada).
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oronto, Ontario M5G 2C1, Canada. Fax: (416) 204-2278. E-mail:
richard@amgen.com.
9ell-mediated immunity to one that supports humoral
mmunity, a Th1 to Th2 shift (6, 11, 31). One of these
laboratories also suggested that the binding of measles
virus to a cellular receptor, CD46, depressed the produc-
tion of interleukin 12 (IL-12) (17). Still others have sug-
gested that monocytes are preferred targets for measles
virus during the early stages of infection and mediate
immune dysfunction (6). Finally, a recent report showed
that wild-type measles virus infection interferes with in-
duction of a-/b-interferon production (23). However, the
exact molecular mechanism through which measles vi-
rus suppresses the immune system is unresolved.
Measles virus is a member of the morbillivirus family
of paramyxoviruses. It is a negative-stranded RNA virus
that possesses an envelope containing two glycopro-
teins, the hemagglutinin (H) and a membrane fusion
protein (F). Attachment of the virus to a specific host cell
receptor is mediated by H, whereas membrane fusion
and penetration of the cellular plasma membrane are
controlled by F (12). Our laboratory and another originally
reported that CD46 was a receptor for laboratory isolates
of measles virus (10, 21). These strains of virus are
normally passaged in monkey kidney (Vero) or HeLa
cells, and wild-type virus that has been isolated from
0042-6822/01 $35.00
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10 RAPID COMMUNICATIONnasopharyngeal swabs grows in these cells only after
several passages. Natural isolates of measles virus
grown in PBMCs were recently reported to bind to CD46,
but with reduced affinity (19).
However, it became clear from not only our studies
14) but also those of others (7, 26, 27) that another
eceptor for measles virus might exist on activated lym-
hocytes. This receptor is recognized by natural isolates
f virus that have been propagated in an immortalized
armoset B-cell line, called B95-8, or its adherant deriv-
tive B95a (18). Polyclonal antibodies directed against
D46 did not impair the infection of B95-8 lymphocytes
y either wild-type virus, isolated in B cells, or laboratory
trains of measles virus (7, 16). Many laboratories also
oted that laboratory strains of measles virus downregu-
ated CD46 on the cell surface, while natural isolates of
he virus did not (5, 22, 26). Our laboratory also showed
hat marmoset lymphocytes possessed CD46 molecules
hat lacked the SCR1 domain. This region is essential for
he binding of measles virus to CD46, and laboratory
irus strains cannot produce disease in marmosets. The
eletion appeared to effect the course of measles in New
orld monkeys to favor a disease that affects the lymphatic
ystem, leading to gastroenterocolitis, pneumonitis, and
acteremia (2, 12, 16). Reduced affinity for CD46 with a
referred use of the lymphocyte receptor was accompa-
ied by a Y481N amino acid change in the H protein of most
ymphotropic strains of measles virus that had been iso-
ated in B95-8 cells (16, 19). Taken together, the preceding
esults predict that another receptor for measles virus ex-
sts on the lymphocytes of primates.
Results. A soluble form of the H protein from measles
irus can be used to assess receptor binding to lympho-
ytes using immunofluorescence, immunostaining, or
low cytometry. The H protein of measles virus was
ngineered to contain a thrombin-sensitive site adjacent
o the N-terminal membrane anchor sequence and was
xpressed in insect cells using a recombinant baculovi-
us (Fig. 1A). Soluble H (sol H) released by treatment with
he protease was separated from Sf9 insect cells by
ow-speed centrifugation. The sol H protein was incu-
ated with B95-8 or Jurkat cells and binding was mea-
ured by confocal immunofluorescence microscopy
Figs. 1B and 1C), immunostaining with b-galactosidase-
conjugated antibodies (Figs. 1D and 1E), or flow cytom-
etry (Fig. 2). Using all three methods, specific binding of
sol H to B95-8 cells could be demonstrated, but binding
to the Jurkat human T-cell line was not observed. The sol
H proteins derived from Edmonston and Montefiore 89
viruses did not bind to cell lines that expressed CD46,
including CHO-CD46, HeLa, Vero, THP1, Daudi, and
H929 cells, although they did bind to B95-8 and some
human myeloma cells (Figs. 2A and 2B). We concluded
that truncation of the measles virus H protein and prop-
agation of the protein in insect cells prevented interac-tion of H with the CD46 receptor but had no effect on its
interaction with the putative lymphocyte receptor. Sol H
from Montefiore 89 virus was also shown to block the
infection of B95-8 cells with the lymphotropic or labora-
tory viruses (data not shown). Based on these results, we
subsequently used sol H to probe the putative receptor
that is present on the lymphocytes of primates.
Binding of Measles Virus H Protein from Laboratory
(Edmonston) and Lymphotropic (Montefiore 89) Strains of
Measles Virus. The binding of B95-8 cells to sol H was
first shown to be sensitive to trypsin treatment (0.01
mg/ml) after only a 5-min incubation. This result indi-
cated that the putative receptor was likely to be a protein
that was expressed on the surface of these cells. We
acquired a number of lymphocyte cell lines and tested
their ability to bind to an intact Edmonston H protein or to
the truncated sol H. A binding assay for CD46 was
previously developed in our laboratory and consisted of
incubating Sf9 insect cells, infected with a recombinant
baculovirus that expressed Edmonston H protein and
b-galactosidase, and adding them to the target cells (14,
15). Following treatment with the enzyme substrate Bluo-
Gal, binding could be visualized by the formation of
rosettes of blue insect cells around the susceptible cell.
As expected, all primate lymphocytes, which express
CD46 on their cell surface, bound to insect cells express-
ing Edmonston H protein. Mouse lymphocytes (SP2/0,
CTL-L2, IC21), which do not have a CD46 molecule, did
not bind to the insect cells (Table 1). We previously
showed that insect cells expressing the H protein of
Montefiore 89 virus did not bind to CD461 cells (16).
Sol H, which recognizes the lymphocyte-specific re-
ceptor, was used to probe a variety of different lympho-
cyte cell lines. Binding was measured by FACS analysis
with a fluorescent antibody specific for measles virus H
protein. Most lymphocytes did not interact with sol H, but
activated B cells immortalized with Epstein–Barr virus
(EBV), or T cells transformed with human T-cell leukemia
virus (HTLV-1), were consistently positive. These in-
cluded Raji, B95-8, 1A2, OCI-8, and OCI-18 lymphoma
cell lines and MT-2 and MT-4 leukemia cells. A resting
B-cell line, BJAB, when activated with lipopolysaccharide
(10 mg/ml), could be stimulated to bind sol H. In addition,
some multiple myeloma cells (My5, OCI-3, OCI-7) and a
Reed/Sternberg cell line (HDML2) also bound the ligand.
Monocytic cell lines (K562, U937, THP-1), erythroleuke-
mia cells (TF1, HEL), and most T-cell leukemias (Jurkat,
Molt-4, OCI-17) did not bind sol H. Mouse lymphocytes
that were tested (SP2/0, CTL-L2, IC21) also proved neg-
ative for the receptor. Representative FACS analyses are
presented in Fig. 2B.
We concluded that the lymphocyte receptor for mea-
sles virus was found on activated or mature B and T
cells, and was not present on immature cells or mono-
cytes. Many of these binding results agree with the
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11RAPID COMMUNICATIONinfectivity assays performed on different cell lines by
Yanagi’s group (27). A survey of published leukocyte
eterminants (4) and Internet Web sites [such as Protein
eviews on the Web (http://www.ncbi.nlm.nih.gov/
ROW/)] indicated that potential candidate receptors
ight include CD25, CD30, CD39, CD48, CD54, CD69,
FIG. 1. Soluble H protein synthesized in insect cells can bind to mar
(Montefiore 89) and laboratory (Edmonston) strains of measles virus we
H proteins were expressed in Sf9 insect cells using baculovirus express
and used in subsequent binding assays. In immunofluorescence micro
with soluble H. Cells were washed and bound protein was detected wit
antibody labeled with fluorescein. In immunostaining experiments using
soluble H, washed, and treated with a monoclonal antibody directed a
conjugated to b-galactosidase. Blue color developed following incubati
microscopy (B and C) or regular light microscopy (D and E). PhotomicD70, CD80, CD86, CD87, CD122(IL15R), CD137,
Dw150(SLAM), CD154(CD40L), OX2, OX40L, and CCR7.
b
me decided to use an expression-cloning approach to
ethodically identify the lymphocyte receptor.
Identification of a cDNA from a B95-8 Expression Li-
rary That Permits the Infection of CHOP Cells by Mon-
efiore 89 Measles Virus and Allows Them to Bind Solu-
cells but not to human Jurkat T cells. The H proteins of lymphotropic
ineered to contain a thrombin cleavage site at position 135 (A). Altered
tors. The extracellular portion of H was released by thrombin treatment
tudies, marmoset B95-8 cells were either not treated (B) or treated (C)
oclonal antibody directed against H and a secondary goat anti-mouse
ctosidase detection, Jurkat (D) and B95-8 (E) cells were incubated with
H. Binding was detected with a goat anti-mouse secondary antibody
e cells with the substrate Bluo-Gal. Cells were viewed by fluorescence
s were taken at 2003 magnification.moset B
re eng
ion vec
scopy s
h a mon
b-gala
gainstle H Protein. A cDNA library was prepared from the
RNA of B95-8 marmoset B cells. The cDNAs were
ific fluo
n on t
12 RAPID COMMUNICATIONcloned directionally into the mammalian expression vec-
tor pcDNA1.1 and 12 pools of DNA (D1, D2, E1, E2, F1, F2,
G1, G2, H1, H2, I1, and I2), each one consisting of 104–105
nonamplified clones, were prepared. The DNA from each
pool was transfected into rodent cells that contained the
polyoma large T antigen. Since the pcDNA1.1 vector
contained the polyoma virus origin of replication, plas-
mids replicated in the CHOP cells as multicopy epi-
somes. The CMV promoter, which controlled transcrip-
tion of B95-8 genes, was also present in pcDNA1.1. Ro-
dent cells are normally resistant to measles virus
infections, since they do not express CD46 (10), and we
hypothesized that cells expressing specific cDNAs from
B95-8 lymphocytes could potentially become susceptible
FIG. 2. Flow cytometry analysis of soluble H protein binding to a vari
strain of measles virus was incubated with suspensions of B95-8, THP1
were washed and binding was detected with a monoclonal antibody
conjugated to fluorescein. The Edmonston soluble H protein bound to
as HeLa and CHO-CD46 cells. (B) Soluble H protein that was derived
HDML2, K562, My5, MT4, Daudi, and THP1 cells. Binding of soluble
(HDML2), a myeloma line (My5), and HTLV-1-activated T-cell line (MT4
the right on the x-axis, and is represented by the solid line. Nonspec
indicated by solid black shading. The number of cells counted is showto the lymphotropic virus and synthesize viral gene prod-
ucts. We subsequently transfected 107 CHOP cells withDNA from each library pool, infected the cells with the
lymphotropic Montefiore 89 strain of measles virus, and
selected infected cells using monoclonal antibodies di-
rected against the H protein that were coupled to mag-
netic beads. Episomal DNA was rescued from infected
cells and amplified in electrocompetent bacteria; plas-
mids were purified and subsequently transfected again
into CHOP cells. Magnetic bead selection with H anti-
bodies was repeated and cells were again transfected
with isolated expression plasmid DNA. In the final selec-
tion, purified H protein was incubated with transfected
cells, cells with H bound to their surface were isolated
with H monoclonal antibodies and magnetic bead selec-
tion, plasmids were extracted, and selected cDNAs were
uman and rodent cell lines. (A) Soluble H derived from the Edmonston
, Daudi, mouse SP2/0, My5, HeLa, and hamster CHO-CD46 cells. Cells
ic for measles H protein and a goat anti-mouse secondary antibody
nd My5 cells but no longer bound to cells that expressed CD46 such
e Montefiore 89 lymphotropic virus was incubated with B95-8, Jurkat,
observed for the marmoset B-cell line (B95-8), Reed/Sternberg cells
experiments binding is indicated by a shift in relative fluorescence to
rescence resulting from labeling with a preimmune IgG1 antibody is
he y-axis.ety of h
, H929
specif
B95-8 a
from th
H was
). In allagain transfected into CHOP cells.
The ability of transfected CHOP cells to bind sol H was
13RAPID COMMUNICATIONmonitored by flow cytometry throughout the selection
process (Fig. 3A) and finally 5% of the most positive cells
were sorted by FACS and were lysed, after which plas-
mids were extracted and amplified in electrocompetent
E. coli. The D2 and F2 pools of DNA were determined to
be rich in expression plasmids that conveyed an H-
binding phenotype. Five plasmids were randomly iso-
lated from each pool after the selection process and
sequenced. Of these plasmids, four from the D2 pool and
three from the F2 pool coded for a protein similar to
human CDw150(SLAM). After fully sequencing the mar-
moset analog, it was found to have 88.6% identity and
89% similarity to human CDw150 (Fig. 3B). The marmoset
and human molecules showed only 54 and 53% identity,
respectively, to mouse CDw150. We concluded that
CDw150(SLAM) was a good candidate for the lympho-
cyte receptor used by measles virus. It was gratifying to
TABLE 1
Binding of Measles Virus H Protein to Lymphocyte Cell Lines
Cell line Cell type
Edmonston
Ha
Montefiore
sol. Hb
Raji B-cell lymphoma 111 11
Daudi B-cell lymphoma 111 2
B95-8 B-cell lymphoma 111 1111
1A2 B-cell lymphoma 111 11
H929 B-cell myeloma 111 2
My5 B-cell myeloma 111 1
OCI-3 B-cell myeloma 111 1
OCI-7 B-cell myeloma 111 11
OCI-8 B-cell lymphoma 111 1
OCI-18 B-cell lymphoma 111 1
Cassman B-cell lymphoma 111 2
BJAB Resting B cell 111 2
BJAB lps-activated B cell 111 11
HDML2 Reed/Sternberg cell 111 1
Jurkat T-cell leukemia 111 2
Molt-4 T-cell leukemia 111 2
OCI-17 T-cell leukemia 111 2
K562 Premyeloid leukemia 111 2
U937 Monocyte 111 2
THP-1 Monocyte 111 2
TF1 Erythroleukemia 111 2
HEL Erythroleukemia 111 2
MT-2 HTLV-1/T cell 111 11
MT-4 HTLV-1/T cell 111 11
SP2/0 Mouse B cell 2 2
CTL-L2 Mouse T cell 2 2
IC21 Mouse macrophage 2 2
a Lymphocyte cell lines were incubated with Sf9 insect cell that
expressed Edmonston H protein on their cell surfaces and binding was
measured with a b-galactosidase staining assay (14).
b Lymphocyte cell lines were incubated with soluble H protein
from the lymphotropic Montefiore 89 strain of virus and binding was
measured by FACS analysis as described under Materials and
Methods.see that this molecule was in the potential list of recep-
tors described under the previous section.Chinese Hamster Ovary (CHOP) and Human Embry-
onic Kidney (293Tad) Cell Lines Became Susceptible to
Measles Virus Infections Following Transfections with a
cDNA Encoding Human or Marmoset CDw150(SLAM).
DNA sequences containing the coding region of mouse,
marmoset, or human CDw150(SLAM) were cloned into
the pcDNA1.1 expression plasmid and introduced into
either CHOP or 293Tad cells by liposome-mediated
transfection. Hamster CHO and mouse L cells cannot
normally be infected with either laboratory or lympho-
tropic strains of measles virus (10, 16, 21). However,
CD46-CHO and mouse CD46-L cells were previously
shown to be susceptible to the Edmonston laboratory
strain of measles virus (10, 21) but not to virus adapted to
B95-8 marmoset B cells (16). We confirmed these find-
ings, as shown in Figs. 4A and 4B. Cells susceptible to
either laboratory or lymphotropic strains of measles virus
exhibit a cytopathic effect characterized by syncytia or
giant cell formation. CHOP or 293Tad cells were trans-
fected with pcDNA 1.1 expression plasmid containing the
coding regions of marmoset CDw150, human CDw150,
or mouse CDw150. Transfection efficiencies were rou-
tinely 40–60%, as monitored with plasmids containing the
cDNA for enhanced green fluorescent protein. The pres-
ence of marmoset and human CDw150 on the cell sur-
face appeared to permit extensive cytopathic effects in
both CHOP and 293Tad cells following 24- to 48-h infec-
tion with the Montefiore 89 virus (Figs. 4E, 4F, and 4I).
The extent of membrane fusion paralleled transfection
efficiency and often approached 60% of the cell mono-
layer. CHOP cells expressing human CDw150 could also
be infected with the Edmonston laboratory strain of virus,
even in the absence of CD46 (Fig. 4H). However, the
presence of mouse CDw150 could not mediate infections
in CHOP cells by either the Edmonston (data not shown)
or the Montefiore 89 strain of virus (Fig. 4G). Control
experiments were performed with CHOP (Fig. 4C) and
293Tad (Fig. 4D) cells that were transfected with the
empty pcDNA1.1 expression plasmid. These cells did not
exhibit cytopathic effects. Virus production was not ti-
tered in the CHOP cells since RNA replication and viral
assembly are drastically reduced in rodent cells. Instead,
infections were confirmed by subjecting cell lysates to
SDS–polyacrylamide electrophoresis followed by immu-
noblot analysis with a monoclonal antibody specific for
the M protein of both strains of measles virus (Fig. 4J).
These studies indicated that marmoset or human
CDw150(SLAM) could mediate infections by either lym-
photropic (Montefiore 89) or laboratory (Edmonston)
strains of measles virus in CHOP cells. Marmoset
CDw150 appeared to work slightly better than human
CDw150 in infections with lymphotropic virus, but this
may be a result of the fact that Montefiore 89 virus was
isolated with marmoset B95-8 cells, and not a human cell
line. The presence of mouse CDw150 permitted limited
virus infection, which is consistent with a previous find-
14 RAPID COMMUNICATION
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15RAPID COMMUNICATIONing that showed activated B lymphocytes from normal
mice could support measles virus replication (13). Re-
uced infectivity might be expected, since the protein
equence of mouse CDw150 shares only 53–54% identity
ith its marmoset and human homologs. CD46, which is
ot present in rodent cells, was not required for infection.
onoclonal antibodies, directed against CDw150, also
locked infection of CDw150-CHOP cells, when either
ontefiore 89 or Edmonston virus was used (data not
hown). All the preceding results suggest that both lym-
hotropic and laboratory strains of measles virus can
se human or marmoset CDw150 as a receptor.
Binding Assays Confirm That Measles Virus H Inter-
cts with Cells That Express CDw150(SLAM). The two
ifferent binding assays developed in our laboratory
ere used to assess interaction of measles virus H
rotein with CHOP cells that expressed human, marmo-
et, and mouse CDw150. Insect cells that expressed the
protein of either the lymphotropic (Montefiore 89) or
aboratory (Edmonston) virus strain were incubated with
HOP cells that had been transfected with human
Dw150, marmoset CDw150, mouse CDw150, CD46, or
ector DNA. CHOP cells that expressed human CDw150
nd marmoset CDw150 were able to bind to insect cells
ith either Montefiore 89 or Edmonston H protein on their
urface, whereas both H proteins bound poorly to cells
xpressing the mouse CDw150 (Fig. 5A). As previously
emonstrated, only the Edmonston H protein bound to
HOP cells that expressed CD46 (16). Flow cytometry anal-
sis with sol H also showed that the H protein derived from
ontefiore 89 virus bound to marmoset CDw150, but not to
he mouse homolog or cells containing the pcDNA1.1 vector
nly (Fig. 5B). We concluded that the H proteins derived
rom Edmonston and Montefiore 89 strains of measles virus
ould bind to marmoset and human CDw150 molecules,
ut bound poorly to mouse CDw150.
High Expression Levels of CDw150(SLAM) on the Cell
urface Correlate with the Ability of Different Lymphocyte
ell Lines to Bind sol H. Selected cell lines described in
able 1 were assayed for the presence of CDw150 on
FIG. 3. Identification of a cDNA prepared from the marmoset B95-8
(A) Twelve pools of cDNA, with 104–105 plasmids in each collection, we
The infected cells were incubated with a monoclonal antibody specific
from the culture dish with dissociation buffer, and magnetic beads coup
selected cells labeled with antibody were separated from unlabeled ce
and episomal DNA was rescued by Hirt extraction and amplified in bact
experiments. The ability of enriched cDNAs to encode a receptor was a
the transfected DNA, as described in Fig. 2. Pools D2 and F2 were enri
transfected DNA was sequentially performed twice with magnetic bead
incubated with the transfected cells, followed by washing, incubation w
cDNA obtained at this point was transfected into CHOP cells, which we
fluorescent secondary antibodies. The 5% most intensely labeled fluore
plasmids were obtained which coded for a protein with 88.6% identity
(determined in this study), and mouse SLAM1 molecules were aligned us
sequences are from GenBank. Amino acids differing from the human sequenheir surface using flow cytometry and two commercial
onoclonal antibodies (IPO3 and A12). High levels of
Dw150 expression were found on the surfaces of
95-8, Raji, and 1A2 cells, which are B-cell lines that
ave been immortalized through infection with Epstein–
arr virus (EBV). Neither antibody yielded a shift in fluo-
escence when either Jurkat, K562, or U937 were as-
ayed. Surprisingly, two other Burkitt lymphoma cell
ines, Daudi and BJAB, do have some CDw150 on their
ell surface (Fig. 5C), but do not bind to sol H, nor can
hey be infected with the lymphotropic strain of measles
irus. The monocytic cell line THP-1 also expresses
educed levels of CDw150 on its cell surface and does
ot bind sol H. The presence of CDw150 on Daudi, BJAB,
nd THP-1 cells was unexpected, but the reduced ex-
ression of this surface marker may result in their inabil-
ty to bind sufficient amounts of the H protein from Mon-
efiore 89 virus. Sequencing is currently under way to
etermine whether mutations have occurred in the
Dw150 molecules of these three cell lines. For the most
art, the presence and level of CDw150 on the surface of
he host cell correlate with their ability to bind the H
rotein of the lymphotropic virus (Montefiore 89), and to
e infected by this virus.
Discussion. This study demonstrates that a selected
umber of lymphocyte cell lines have the capacity to bind
o sol H protein derived from measles virus. These cells
nclude B-cell lines immortalized by EBV and T-cell lines
ransformed by HTLV-1. However, some myeloma cell
ines, a Reed/Sternberg cell line, and a resting B-cell line
ctivated with lipopolysaccharide also appear to bind sol
. The H proteins of all lymphotropic strains of virus
rown in B95-8 and Raji cells possess an Asn residue at
osition 481, while laboratory strains of measles virus
hat have been propagated in Vero monkey kidney cells
ave a Tyr residue at this position. This mutation appears
o affect the affinity of the H protein for CD46 (16, 19).
owever, laboratory strains also have the capacity to
ind to the lymphocyte receptor, since polyclonal and
onoclonal antibodies directed against CD46 do not
that encodes a potential receptor for the H protein of measles virus.
sfected into CHOP cells and infected with Montefiore 89 virus for 20 h.
H protein, excess antibody was washed away, the cells were detached
goat anti-mouse antibodies were added to the suspension. Beads and
ng a Dynal magnet. Cells attached to the magnetic beads were lysed,
e selected expression plasmids were used in subsequent transfection
by flow cytometry and binding of soluble H to CHOP cells containing
r receptor cDNA and selection by infecting CHOP cells containing the
and 23 M.B.). In the final round of screening (33 M.B.), soluble H was
pecific monoclonal antibody, and selection with magnetic beads. The
n labeled with soluble H, monoclonal antibody directed against H, and
ells were sorted and used to prepare the final cDNA preparation. Two
an CDw150(SLAM). (B) The protein sequences of human, marmosetcell line
re tran
for the
led to
lls usi
eria. Th
ssayed
ched fo
s (13
ith H-s
re agai
scent c
to huming the Lasergene/DNA Star analysis program. Human and mouse
ce are shaded.
c
o
r
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16 RAPID COMMUNICATIONprevent infections of B95-8 cells by the Edmonston strain
of measles virus (7, 16). Finally, sol H, which was trun-
ated at position 135, was able to bind to B95-8 cells and
FIG. 4. Infection of CHOP and 293Tad cells with Montefiore 89 and Ed
marmoset, human, and mouse CDw150(SLAM). CHO-CD46 cells were
and syncytia formation were viewed by Hofmann polarized light contras
with the empty expression plasmid (pcDNA1.1) showed no cytopathic
containing human CDw150 became susceptible to infection by the lym
with marmoset CDw150 (F), human CDw150 (I), but not mouse CDw150
89 virus. The Edmonston laboratory strain of measles virus also produc
(J) Immunoblot analysis of infected cell lysates using a monoclonal anti
pcDNA1.1 (lane 1), or cDNAs coding for marmoset CDw150 (lane 2), h
Montefiore 89 strain of virus. CHOP cells containing human CDw150 w
(lane 5). Molecular weight markers are shown on the left (3 103).ther lymphocytes that expressed the newly identified
eceptor, but could not interact with cells that expressed lCD46 on their surface. Taken together, these results
would suggest that the lymphocyte receptor binds to
residues of H that are different from those implicated in
n strains of measles virus following transfection with cDNAs encoding
with Edmonston (A) and Montefiore 89 (B) viruses. Cytopathic effects
copy at 36-h infection. CHOP cells (C) and 293Tad cells (D) transfected
s following infection with Montefiore 89 virus for 48 h. 293Tad cells
ic Montefiore 89 virus after 30-h infection (E). CHOP cells transfected
ibited extensive syncytia formation after 36-h infection with Montefiore
nsive cytopathic effects in CHOP cells containing human CDw150 (H).
pecific for the M protein of measles virus. CHOP cells transfected with
CDw150 (lane 3), and mouse CDw150 (lane 4) and infected with the
o susceptible to infection by the Edmonston laboratory strain of virusmonsto
infected
t micros
effect
photrop
(G), exh
ed exte
body s
umanbinding to CD46 (24). Expression cloning using a cDNA
ibrary derived from B95-8 cells identified the receptor as
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17RAPID COMMUNICATIONCDw150(SLAM). Binding studies subsequently indicated
that the lymphotropic and laboratory viral H proteins
bound to CDw150, even in the absence of CD46. Finally,
the susceptibility of lymphocytes to infections by the
Montefiore 89 strain of virus appeared to correlate with
the levels of CDw150 expressed by the cell lines.
As we were preparing this report, another group also
published the finding that measles virus could use
CDw150(SLAM) as a receptor. They used an elegant
approach, consisting of a vesicular stomatitis virus (VSV)
pseudotyped with measles H and F proteins (28). This
reporter virus expressed green fluorescent protein (GFP)
and possessed an envelope containing H and F. A
screening approach, also with a B95-8 cDNA expression
library, yielded a single clone from 45 pools of cDNA,
each pool of which consisted of 450 plasmids. No se-
lection or rescue process was used, and presumably
small pools of DNA were assayed for their ability to
render CHO cells susceptible to their fluorescent
pseudotype virus. The cDNA they isolated possessed
91% identity at the nucleotide level to the coding region
of human CDw150(SLAM). Our expression cloning pro-
duced two plasmids from the marmoset B95-8 cDNA
library, which had 86.8% identity to the human CDw150 at
the amino acid level. We used susceptibility of CHOP
cells to measles virus infection, binding to sol H, and
magnetic bead selection to isolate cDNAs that rendered
cells susceptible to infection. CHOP cells, containing the
polyoma T antigen, had the advantage of yielding high
levels of expression that resulted from the presence of
multicopy episomal plasmids that could be rescued from
lysed cells. The other group did not report the marmoset
CDw150 sequence in their study nor compare its func-
tion with human CDw150, nor did they compare the
susceptibility of lymphotropic viral infections in cells that
had been transfected with mouse CDw150. In addition,
the levels of expression of CDw150 on their Daudi, BJAB,
and THP-1 cells appeared much less than what we
observed on our cells. Although these cells are not
susceptible to infections by the lymphotropic virus, the
reduced levels of CDw150 expression may not totally
account for this resistance, and the sequences of this
cell-surface marker should ultimately be studied to verify
whether mutations in SLAM have occurred. Overall, our
results are in agreement with those of Yanagi et al. (28).
The question arises whether CD46 is a receptor for
natural isolates of measles virus in the host. Over the
course of an infection, the H protein could mutate from
an N481 to a Y481 phenotype, as has been observed in
virus adapted to Vero monkey kidney cells (16). We have
taken several human liver samples, subjected them to
RT-PCR, and have observed a Y481 phenotype from pu-
tative persistent infections. However, this also could also
be the result of residual infections from the attenuated
measles virus vaccine, which has a Tyr at position 481 of
the H protein. In another set of experiments (C. Richard-son and M. McChesney, unpublished results), a ma-
caque was infected with an isolate of measles virus that
had been propagated in Raji cells and samples were
harvested at 14 days postchallenge. Peripheral blood
cells, buccal smears, gut, mesenteric lymph nodes, ton-
sils, and spleen were each assayed five times indepen-
dently by RT-PCR, and in all cases an N481 phenotype
was observed. The N481Y mutation that is observed in
Vero monkey kidney cells did not appear to occur in vivo
within these tissues. However, this N481Y transition may
become more relevant in chronic persistent infections of
other nonlymphatic organs by the virus. These results
cast some doubt on the relevance of a high affinity
interaction of H with CD46 during an acute measles virus
infection. It remains to be determined whether a N481Y
mutation can occur during natural infections in vivo. On
the other hand, Manchester et al. (19) noted that CD46
an function as a low-affinity receptor for virus with an
481 phenotype that has been propagated in peripheral
lood lymphocytes (PBMCs). Antibodies directed against
D46 can prevent the infection of PBMCs by natural
solates of the virus. However, they also observed that
iral strains that had been adapted to B95-8 cells did not
ppear to use CD46 as a receptor. Another group previ-
usly reported that activated B cells from mice, which do
ot express CD46, could be infected with measles virus
13). These data appear to corroborate the existence of
nother receptor on activated lymphocytes. We deter-
ined that both laboratory and lymphotropic strains of
irus could use this receptor, which was ultimately
hown to be CDw150(SLAM). More generalized infec-
ions of skin, liver, endothelial, and neural cells probably
se CD46 as a receptor. Other viruses such as herpes
implex, coxsackie virus, and adenovirus can also use
ultiple receptors during the entry process.
CDw150(SLAM) is induced on all T, B, and dendritic
ells following activation, and is present on the surface
f memory T cells (4, 9). The protein contains two highly
glycosylated immunoglobulin superfamily domains and
is a member of a group of molecules, including CD2,
CD48, CD58, CD84, 2B4, and Ly-9. The SLAM1 polypep-
tide core has a molecular weight of 34,486 kDa, but two
alternatively spliced mRNAs, SLAM2 and SLAM3, have
been found to code for truncated versions of the protein.
The cytoplasmic tail of SLAM1 contains three SH2 do-
mains and CDw150 has been classified as a costimula-
tory molecule that favors lymphocyte proliferation, Ig
synthesis, and secretion of interferon g. Along with
SLAM-associated protein (SAP), CDw150 is involved in
X-linked proliferative syndrome. Homophilic SLAM–
SLAM binding enhances the expansion and differentia-
tion of activated B and T cells and stimulation of CDw150
reverses the cytokine production profile of Th2 clones to
a Th0/Th1 phenotype. Expression of CDw150 is main-
tained on Th1 but not Th2 clones (8). The immune sup-
pression and lymphopenia that characterizes measles
18 RAPID COMMUNICATION
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19RAPID COMMUNICATIONcould be attributed to viral destruction of lymphocytes
bearing CDw150 on their surface. Since Th1 cells ex-
press more CDw150 than do Th2 cells, destruction of the
former population of T cells could favor the Th1 to Th2
shift that has been observed during measles (31). This
ould shift the immune response from one that is cell-
ediated to a more benign humoral response (11).
hether the actual binding of measles virus to SLAM
an impair signaling, and thus indirectly influence the
ctivation of lymphocytes, remains to be tested.
It was recently demonstrated that antibody ligation of
Dw150 favored Fas-mediated apoptosis in B cells (20).
learly, virus binding could mimic this situation, the pos-
ibility of which we are currently testing. The destruction
f activated B cells, which produce antibodies, and ac-
ivated T cells, which synthesize interferon g, would
rovide measles virus a distinct advantage during the
ourse of an infection. Since activated dendritic cells
lso express CDw150 on their surface, measles virus
ould also alter the process of antigen presentation
uring the immune response. The interaction of measles
irus with CDw150 has far-reaching implications and
ay be a major factor that leads to virus-mediated im-
unosuppression. It may explain the severe immune
uppression that occurs in marmosets that lack the crit-
cal SCR1-binding domain of CD46, previously thought to
e the only receptor for measles virus. Binding to
Dw150 may also explain why the tuberculin reaction is
nhibited following an infection with measles virus. In
ddition, the interaction of CDw150 with measles virus
uggests why this pathogen is so immunosuppressive
nd lethal to young children in developing countries, and
lso why the development of a high-titer vaccine in these
egions has been problematic.
Materials and Methods. Viruses, cell lines, and anti-
odies. The Edmonston laboratory strain of measles vi-
us that had previously been adapted to monkey kidney
Vero) cells was obtained from Dr. Erling Norrby (Karo-
inska Institutue, Stockholm, Sweden). The lymphotropic
train of measles virus (Montefiore 89) was supplied by
r. Mohinderjit Sidhu and Dr. Stephen Udem (Wyeth-
ederle Pediatric Vaccine Laboratories, Pearl River, NY);
t was plaque-purified and passaged nine times in B95-8
ells. Chinese hamster ovary cells containing the poly-
FIG. 5. Binding of measles virus H protein to cells expressing CDw1
rom Montefiore 89 virus (cross-hatched histograms) and Edmonston
b-galactosidase. Binding of insect cells to CHOP cells expressing hum
(mouseCD150), and human CD46 was measured as previously describ
expression vector (pcDNA1.1). Hydrolysis of the substrate ONPG by
percentage of Sf9 cells expressing Edmonston H protein that bound to
to CHOP cells transfected with pcDNA1.1, pcDNA1.1-marmoset CDw1
measured by flow cytometry using a monoclonal antibody directed aga
antibodies. (C) Binding of IPO3 (solid black line) and A12 (dashed black
B95-8, Daudi, 1A2, and Raji cells was measured by flow cytometry. A shift in
control (solid black peak) indicated specific binding.oma large T antigen (CHOP) were obtained from Dr.
James Dennis (Samuel Lunenfeld Research Institute, To-
ronto, Canada). Adherent human embryonic kidney cells
containing the SV40 T antigen (293Tad) were a gift from
Amgen Biologicals (Thousand Oaks, CA). C127:LT cells
came from ATCC (Manassas, VA). A human lymphoma cell
line (BJAB) and marmoset B cells transformed with Epstein–
Barr virus (B95-8) were purchased from the German Col-
lection of Microorganisms and Cell Cultures (DSMZ; Braun-
schweig, Germany). Other cell lines used in binding studies
were obtained from Dr. Hans Messner and Dr. Mark Min-
den at the Ontario Cancer Institute (Toronto, Canada) and
Dr. Alan Cochran (University of Toronto, Canada). IPO3 and
A12 monoclonal antibodies directed against
CDw150(SLAM) came from Advanced ImmunoChemical
(Long Beach, CA) and Pharmingen (La Jolla, CA), respec-
tively. Monoclonal antibodies directed against measles vi-
rus hemagglutinin (MAB8905) and matrix protein
(MAB8910) came from Chemicon (Temecula, CA).
Preparation of Soluble H Protein from Insect Cells
Infected with a Recombinant Baculovirus. The coding
region H protein of either the lymphotropic (Montefiore
89) or laboratory (Edmonston) strains of measles virus
was engineered to contain a thrombin cleavage site
(LVPR/GS) at amino acid 135. This was performed by
inserting two 27-residue complementary oligonucleo-
tides into the XbaI site of cDNAs that coded for the
respective H protein. The engineered H proteins were
expressed in insect cells using recombinant baculovi-
ruses that were prepared as previously described (29).
f9 insect cells (2 3 107) were infected with recombinant
insect viruses at a m.o.i. of 1–10 plaque-forming units
(PFU)/cell for 60 h. The cells detached during infection
and were washed twice with PBS at pH 8.1. These insect
cells were suspended in 6 ml of PBS (pH 8.1) and treated
with 100 units of thrombin (Calbiochem, La Jolla, CA) for
6 h at 28°C. Thrombin was inactivated by treatment with
Pefabloc (50 ml, 10 mg/ml; Roche Molecular Biologicals,
Indianapolis, IN) and solubilized H protein (sol H) in the
supernatant was separated from insect cells by low-
speed centrifugation. Sol H was isolated as a monomer
at yields of about 10 mg protein/109 Sf9 insect cells (1 L).
Glycerol (10%) was added to the supernatant to stabilize
the soluble recombinant protein. Sol H was stable for
heir surface and survey of cell lines expressing SLAM. (A) H proteins
olid black histograms) were expressed in Sf9 insect cells along with
w150 (humCD150), marmoset CDw150 (marmCD150), mouse CDw150
. The negative control consisted of CHOP cells transfected with empty
tosidase was quantitated on an ELISA reader and expressed as a
CD46 cells. (B) Binding of soluble H derived from Montefiore 89 virus
d pcDNA1.1-mouse CDw150. Soluble H that bound to the cells was
asles virus H and fluorescein-conjugated goat anti-mouse secondary
onoclonal antibodies directed against human CDw150 to BJAB, Jurkat,50 on t
virus (s
an CD
ed (14)
b-galac
CHO-
50, an
inst me
line) mfluorescence intensity to the right compared to an IgG1 preimmune
c
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c
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20 RAPID COMMUNICATIONseveral days at 4°C and could be used directly in binding
studies without further purification.
Measurement of H Protein Binding to Target Cells. Two
methods were used to assess the interaction of measles
virus H protein with host cells. Since it is difficult to purify
measles virus for direct binding studies, a method was
previously developed in our laboratory to measure bind-
ing of H protein expressed on the surface of baculovirus-
infected insect cells to a potential target cell (14). Be-
ause baculovirus-infected Sf9 cells expressed b-galac-
osidase, as well as recombinant H protein, binding
ould be quantitatively assessed using o-nitrophenyl ga-
lactopyranoside (ONPG) enzyme substrate from Strat-
agene (La Jolla, CA). Briefly, Sf9 cells were infected for
48 h with recombinant baculoviruses that had been pre-
pared with the BlueBac vector (29). Target cells were
washed with PBS once, incubated with infected insect
cells for 45 min, and twice washed gently with PBS. The
target cells along with adsorbed insect cells were lysed
and clarified by microcentrifugation. ONPG assays were
performed on the supernatants.
In the second assay, flow cytometry was used to mea-
sure binding of sol H to target cells. Lymphocytes (106) or
transfected CHOP cells were incubated with 1 ml (10–20
mg) of sol H in PBS. Cells were washed twice with PBS
containing 5% FCS, incubated with a monoclonal anti-
body (1:500 dilution) directed against H (Chemicon), and
detected with a secondary antibody conjugated to fluo-
rescein (1:500 dilution). Binding of the fluorescent anti-
bodies was monitored by flow cytometry using a Becton–
Dickinson (Rutherford, NJ) analyzer. Data were analyzed
with the CellQuest software package. This method was
only useful for measuring binding to the lymphocyte
receptor, since truncation of H by thrombin treatment
abolished the ability of sol H to interact with CD46.
Identification of H Protein Receptor through cDNA Ex-
pression Cloning. A cDNA library was prepared from the
mRNA of B95-8 cells (108 cells) using mRNA purification
and DNA synthesis kits from Pharmacia (Pointe Claire,
Canada). The cDNA was cloned directionally into the
pcDNA1.1 expression plasmid (Invitrogen, Carlsbad, CA),
which contained a CMV promoter and polyoma/SV40
origins of replication. Following transfection into cells
containing polyoma/SV40 T antigens (CHOP, WOP, C127:
LT, 293T), the plasmids were capable of replicating as
multicopy episomes. Twelve pools of DNA, each consist-
ing of 104–105 nonamplified plasmids, were prepared.
NA (10 mg) was introduced into 107 CHOP cells by the
Gene Porter liposome-mediated transfection method
(Gene Therapy Systems, San Diego, CA). After 48 h, the
transfected CHOP cells were incubated with the lympho-
tropic strain of measles virus (Montefiore 89) at a m.o.i. of
1–10 PFU/cell. Following 1 h absorption at 37°C, the
inoculum was removed, the cells were washed three
times with Dulbecco’s MEM medium containing 10% FCS(DMEM), and incubated a further 20 h. The infected cells
were incubated with monoclonal antibody directed
against H (1:200 dilution) for 1 h at 37°C, washed three
times with DMEM, detached, and collected in 5 ml cell
dissociation buffer (Sigma, St. Louis, MO) to which 5 ml
DMEM was added. A 100-ml sample of magnetic beads
conjugated to goat anti-mouse antibodies (Dynal, Oslo,
Norway) were added to the suspended cells and incu-
bated for 1 h at 4°C. The cells that expressed H were
selected with a Dynal MPC-6 magnetic particle concen-
trator and washed three times with 7 ml of DMEM by
magnetic selection. Isolated cells were lysed in 0.5 ml of
Hirt buffer (0.6% SDS, 10 mM Tris–HCl, pH 7.9, 10 mM
EDTA) at room temperature, to which 0.25 ml of 3 M
sodium acetate was added, and chromosomal DNA was
precipitated for 18 h at 4°C. Chromosomal DNA was
removed by microcentrifugation at 14,000 rpm for 30 min,
the supernatants were phenol/chloroform extracted, 4
mg of glycogen was added, and DNA was precipitated by
the addition of cold ethanol. DNA was electroporated
into Top10 electrocompetent E. coli (Invitrogen) and
grown overnight, after which DNA was recovered and
purified with a Qiagen Midi Prep plasmid purification kit
(Qiagen, Mississauga, Canada).
This entire process was repeated using another round
of infection with Montefiore 89 virus. In the final round of
selection of episomal DNA, transfected cells were incu-
bated with sol H, instead of Montefiore 89 virus; cells
were washed twice with DMEM and incubated with
monoclonal antibodies directed against H; and cells
which bound sol H were selected with magnetic beads
as previously described. Throughout the three rounds of
purification, selected DNA was transfected into CHOP
cells for binding assays with sol H. Following the three
rounds of purification, 10 mg of purified DNA was trans-
fected into 106 cells, binding to sol H was measured by
FACS analysis, and the upper 5% most intensely labeled
cells were sorted by flow cytometry. These cells were
lysed and the episomal DNA was isolated, amplified, and
characterized.
GenBank Accession Number. The cDNA and coding
region of the CDw150(SLAM) molecule found in B95-8
cells, which are derived from the tamarin Saguinus oe-
dipus, was submitted to GenBank and has the accession
number AF302038.
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